Abstract-Soil properties are important factors modifying metal bioavailability to ecological receptors. Twenty-one soils with a wide range of soil properties (USA; http://soils.usda.gov/technical/classification/taxonomy/) were amended with a single concentration of Pb (2,000 mg/kg) to determine the effects of soil properties on Pb bioavailability and toxicity to earthworms. Earthworm mortality ranged from 0 to 100% acute mortality following exposure to the same total concentration of Pb (2,000 mg/kg) in amended field soils. Internal Pb concentrations in earthworms ranged from 28.7 to 782 mg/kg, with a mean of 271 mg/kg. Path analysis was used to partition correlations in an attempt to discern the relative contribution of each soil property. Results of path analysis indicated that pH was the most important soil property affecting earthworm mortality ( p Ͻ 0.01) and internal Pb ( p Ͻ 0.05). Soil pH was related inversely to mortality and internal Pb, soil solution Pb, and Pb bioavailability. The most important soil property modifying reproduction was amorphous iron and aluminum oxides (FEAL). Because FEAL is rich in pH-dependent cation-exchange sites, several soil properties, including pH, FEAL, and cation-exchange capacity, have a causal effect on Pb adsorption and soluble Pb. Path analysis is useful for assessing contaminated soils with a wide range of soil properties and can assist in ecological risk assessment and remediation decisions for contaminated sites. Soil properties are important factors modifying metal bioavailability and toxicity and should be considered during the ecological risk assessment of metals in contaminated soils.
INTRODUCTION
Current routine practices for investigating the nature and extent of contamination at metal-contaminated sites involve determining total metal content in soils as an estimate of exposure. The exposure point concentration (i.e., dose) in a risk calculation may be an assumed percentage of the total metal content, reflecting the metal bioavailability, and this often approaches 100%. Whereas this assumption is conservative in terms of being protective of human health and the environment, it may not be a reasonable estimate of site conditions, because the actual bioavailability of metals may be much lower. The resulting risk may overestimate the true risk of exposure to site media and result in lengthy and costly site remediation that could be unwarranted.
Lead toxicity is seldom related directly to the total soil Pb concentration because of the modifying effects of soil physicochemical properties (e.g., pH, organic carbon [OC] , amorphous iron and aluminum oxides [FEAL] , and cation exchange capacity [CEC]) on Pb bioavailability. Risk to soil invertebrates based on total Pb concentration may not predict adverse effects accurately [1] , because exposure expressed as total Pb does not consider the effect of these soil-modifying factors on Pb bioavailability, which often is much less than 100% [2] [3] [4] .
It is difficult to determine the effects of individual soil properties on metal bioavailability, because many soil properties are intercorrelated to some degree. Various regression models have been suggested to segregate the effects of various physicochemical soil properties [1, [4] [5] [6] . The reactions between clay minerals and metals are attributed primarily to cation-exchange or ligand-exchange (i.e., specific adsorption) reactions that occur on FEAL clay. For this reason, soil clay content typically is highly correlated with FEAL content and CEC. Hydrous oxides of iron are contained in the clay fraction of soils and have a high sorption capacity for Pb [7] . Heavy metals are bound strongly to soils that are rich in organic matter or clay [8] . However, because many soil parameters have more than one binding mechanism and are strongly intercorrelated with other soil parameters, it is difficult to distinguish causal effects from intercorrelation. The bioavailability and toxicity of metals to soil invertebrates are affected by many factors, including organic matter content, clay, and pH [4, [9] [10] [11] [12] [13] . Janssen et al. [5] studied the impact of soil properties on metal uptake by earthworms in 20 contaminated (total Pb concentrations ranged from 0.34 to 4.09 mmol/kg) field soils. Using regression techniques, they found that soil pH was the most important soil property affecting Pb partitioning between the soil solid phase and the pore water and metal accumulation in earthworms. Furthermore, their regression equations for Pb bioaccumulation factors and soil characteristics showed that clay and amorphous iron oxides were the most important soil properties influencing bioaccumulation. Peijnenburg et al. [1] studied the uptake kinetics of Pb in earthworms in the same 20 soils used during [7] .
the study by Janssen et al. [5] . The main objective of their study was to quantify the modulation of bioavailability as a function of soil characteristics. Using multivariate expressions, Peijnenburg et al. [1] found that soil pH was the dominant soil property that contributed most to explaining the variance in uptake rate constants and bioaccumulation factors. Correlation and multiple-regression techniques customarily are used to examine relationships both between and among soil properties and biological endpoints. However, these techniques provide little information regarding the relative contribution of each parameter included in the equation model. The relative contribution of each independent variable is further masked by intercorrelations among independent variables. Path analysis, a form of structural equation modeling [14] , is a technique that can be used to augment traditional regression analysis and provide a quantitative value for the contribution of each parameter in explaining the variation of the dependent variable.
The focus of the present research was to examine the effect of soil properties on the bioavailability and toxicity of Pb to earthworms using field soils with a wide range of soil properties that were amended with the same total concentration of Pb (2,000 mg/kg dry wt). To our knowledge, little or no research is available examining the effect of soil properties on the bioavailability and solubility of Pb using the same total concentration of Pb in field soils. This approach provides a wide range of exposures to various levels of available Pb because of the soil properties modifying the availability of Pb. This approach, in conjunction with path analysis, provides the ability to decompose simple correlations between soil properties and determine the importance of individual soil properties on Pb bioavailability and bioassay endpoints. In the present study, 21 soils with a wide range of soil properties were amended with the same total concentration of Pb to determine the effect of soil properties on Pb bioavailability and toxicity. The present results can be used to identify soil properties that will modify site-specific ecological risks at sites with contaminated soil.
This special issue contains a companion paper written by Dayton et al. [15] that evaluates the contribution of soil properties to modifying phytoavailability and phytotoxicity of Pb to lettuce (Lactuca sativa).
METHODS AND MATERIALS

Soil characteristics and handling
Forty soils were collected from uncontaminated sites, and their physicochemical properties (pH, OC, FEAL, and CEC) related to metal bioavailability were determined. A subset of 21 soils (USA; http://soils.usda.gov/technical/classification/ taxonomy) was chosen to provide a wide range in physicochemical properties (Table 1) . Soil background Pb levels were determined by microwave-assisted, concentrated nitric acid digestion according to U.S. Environmental Protection Agency (U.S. EPA) method 3051 [16] followed by Pb quantification using inductively coupled plasma atomic emission spectroscopy. Lead levels were found to be within the typical range for uncontaminated soils [7] (Table 1) .
Uncontaminated soils were spiked with reagent-grade Pb(NO 3 ) 2 at 2,000 mg/kg. The spike level was chosen based on initial range-finder earthworm bioassays. For a detailed description of the soil-spiking procedure, see Dayton et al. [15] . The final soil Pb-spike concentration (2,000 mg/kg) was confirmed by microwave-assisted, concentrated nitric acid digestion according to U.S. EPA method 3051 [16] .
Soil analysis
Soil physicochemical characteristics (pH, OC, FEAL, and CEC) related to metal sorption were measured in the 21 study Modifying effect of soil properties Environ. Toxicol. Chem. 25, 2006 771 soils. For a detailed description of soil characterization, see Dayton et al. [15] .
Earthworm bioassays
Bioassays (28 d) using mature (clitellate) worms (Eisenia andrei) were conducted in triplicate (10 worms/replicate) according to a standard protocol [17] . American Society for Testing and Materials artificial soil [17] and unspiked control soils served as controls for quality assurance with respect to survival, cocoon production, and growth. All soils were maintained at 45% moisture, periodically weighed, and brought back to the initial moisture weight. Testing was conducted in an environmental chamber maintained at 20 Ϯ 1ЊC with constant light. Earthworms were observed daily for the first 8 d and three times a week thereafter for the remainder of the test. Dead earthworms were frozen at Ϫ20ЊC for subsequent analysis. Cocoons were collected by hand sorting when daily observations were made for mortality as indicated above. At day 28 of each study, live earthworms were depurated for 24 h on moist filter paper, rinsed, weighed, and stored as described above.
Lead concentrations in earthworm tissue were determined as described by Morgan and Morris [18] . An individual worm from each replicate (three replicates per soil-Pb combination) was dried for 24 h at 80ЊC in a preweighed, 10-ml glass beaker and then weighed. Next, individual worms were digested at 105ЊC in 5 ml of concentrated, trace metal-grade HNO 3 and allowed to evaporate until approximately 0.5 ml of solution remained. Digests were then resolubilized in 3 ml of 0.5 M HNO 3 , heated for 15 min at 60ЊC, and diluted to a final volume of 10 ml with 0.5 M HNO 3 . All worm digests were stored in Nalgene (Nalge Nunc International, Rochester, NY, USA) high-density polyethylene bottles until analysis.
Lead concentrations of earthworm digests were measured using graphite furnace atomic absorption spectrometry (HGA Analyst 700; Perkin-Elmer, Wellesley, MA, USA). The limit of detection for Pb in earthworm tissues was 4 g/kg dry weight. All tissue analyses included procedural blanks, spikes, and certified reference material (Lobster Hepatopancreas, TORT-2; National Research Council, Ottawa, ON, Canada) conducted in triplicate. Digested blanks contained Pb concentrations below the limit of detection. Mean (% relative standard deviation) recoveries of Pb from spike and certified reference material (Lobster Hepatopancreas) were 97% (2.8%) and 98% (1.2%), respectively.
Data analysis
Statistical analyses were performed using PC SAS Version 8.2 [19] . Before analysis, all data were normalized (studentized), allowing the data to be expressed in standard form with a mean of zero and a standard deviation of one [20] . Because the simple or combined relationships between the biological endpoints and soil properties may not be linear, all statistical analyses were performed on the studentized (R) and the studentized and then linearized data sets [21] to find the best-fit model. Data set transformations used to linearize the studentized data sets were square root (SR). Only the biological endpoints, not the soil properties, were transformed, using the SR transformation.
The relationship between SR earthworm biological endpoints (Pb bioaccumulation, mortality, and cocoon production) and soil properties (pH, OC, FEAL, and CEC) were examined using simple linear regression. The intercorrelation between independent variables also was determined using simple linear regression [21] .
The combined relationships among each biological endpoint and soil properties were examined further using multiplelinear-regression and path analysis [14, 21] . Path analysis was used to partition simple correlations into two types of relationships: The effect of an exogenous variable (i.e., soil property) on the biological endpoint, referred to as a direct effect, and the effect of exogenous variables on the response variable as mediated by their effect on CEC, referred to indirect effects. The significance levels for the direct effects (path coefficients) are derived from the p values associated with the partial slopes from the multiple regressions. The significance levels for the path total are the correlation coefficients (r) from the simple correlations. Path analysis may provide insight regarding the relative contribution of each independent variable (i.e., individual soil property) included in the model toward explaining the variation in biological endpoints. For additional information concerning the path analysis model used here, see Dayton et al. [15] .
RESULTS AND DISCUSSION
Soil analysis
Taxonomic classifications and background Pb concentrations of study soils (temperate climate soils including three soil orders) are listed in Table 1 .
Soil physicochemical properties of the 21 selected soils are summarized in Figure 2 of Dayton et al. [15] . The pH for Pbspiked soils ranged from 3.8 to 7.8, with a mean of 5. 
Earthworm bioassays
Earthworm mortality ranged from 0 to 6%, with a mean of 1.4% in the control (i.e., unspiked) soils (data not shown). Earthworm mortality in all artificial soil was less than 10%. Earthworm mortality in Pb-amended (2,000 mg/kg) soils ranged from 0 to 100%, with a mean of 36% (Table 2 ). This suggests that Pb amendments substantially affected lethality relative to the controls, and the wide range of responses indicates that the bioavailability of Pb was modified by soil properties.
Mortalities observed in many of the soils tested suggest that Pb detoxification mechanisms were exceeded. The main detoxification pathway for Pb is thought to be sequestration within inorganic matrices or binding to organic ligands [22] . The main site of storage is the chloragogenous tissue that contains granules of phosphate-rich complexes containing Ca and Zn [23] . These granules are involved in binding borderline metals, such as Pb, by exchanging matrix-associated Ca [23, 24] . Adverse effects can be expected only when the capacity of detoxification mechanisms is exceeded, occurring at a very high internal concentration (IC) when metal is slowly sequestered [25] .
The mean ICs of E. andrei exposed to the control (i.e., unspiked) soils were 0.08 mg/kg of Pb (data not shown). Earthworm IC after exposure to Pb-amended soils ranged widely, from 28.7 to 782 mg/kg, with a mean of 271 mg/kg ( bioavailability of Pb is being modified by soil properties. This finding is consistent with those of Peijnenburg et al. [1] , indicating that soil properties have a significant impact on Pb uptake by E. andrei. Reproduction in the Pb-amended soils is expressed relative to the control value to determine the effect of Pb on reproduction. Results show that relative reproduction of E. andrei decreased with increasing internal Pb concentrations (Fig. 1) . This result for Pb is the same trend that Lock et al. [25] observed for Cd in their study of Cd-contaminated soils using Eisenia fetida.
The observed variability in Pb bioavailability was the result of differences in Pb interactions with the physicochemical matrix of the soil.
Relationships between soil properties and biological endpoints
Earthworms exposed to soils in which 100% mortality occurred were removed from earthworm IC statistical models to avoid comparison of depurated and nondepurated worms. This was done to avoid comparison of differences in the soil content of the earthworm gut and differences in Pb uptake caused by the physiological effects of acutely toxic Pb exposure.
The best-fit model (linearized) for each relationship was provided by the SR transformation of the biological endpoint. Soil properties were not transformed. Simple linear correlation coefficients (r) for the relationship between the earthworm bioassay endpoints (normalized and then linearized) and soil properties were determined (Table 3) to ascertain which soil properties may act as modifiers of Pb toxicity and bioavailability. A significant negative relationship was observed between mortality and pH (r ϭ Ϫ0.695, p Ͻ 0.01) and between mortality and CEC (r ϭ Ϫ0.467, p Ͻ 0.05). No significant Table 1 . ** p Ͻ0.01, *** p Ͻ0.001. b CEC ϭ cation exchange capacity; FEAL ϭ amorphous iron and aluminum oxides; OC ϭ organic carbon.
correlation was found between mortality and OC or FEAL ( Table 3 ). Significant negative relationships were found between internal Pb and CEC (r ϭ Ϫ0.668, p Ͻ 0.01) and pH (r ϭ Ϫ0.506, p Ͻ 0.05). The relationships between internal Pb and OC and FEAL were not significant. Clay and pH have been reported in regression models as being important soil properties modifying Pb uptake rates [1, 5] . Significant correlations were found between relative reproduction and the soil properties: OC (r ϭ 0.716, p Ͻ 0.01), CEC (r ϭ 0.874, p Ͻ 0.001), pH (r ϭ 0.631, p Ͻ 0.05), and FEAL (r ϭ 0.661, p Ͻ 0.01) ( Table 3) .
Intercorrelations between soil properties are summarized in Table 4 . For the 21 soils used in the present study, a significant correlation was found between pH and CEC (r ϭ 0.69, p Ͻ 0.01), whereas no significant relationship was found between pH and OC or FEAL (Table 4) . Organic carbon was significantly related to CEC (r ϭ 0.70, p Ͻ 0.01) and to FEAL (r ϭ 0.61, p Ͻ 0.01) ( Table 4) . Soil organic matter contributes to the CEC and increases metal adsorption, thereby reducing metal concentrations in solution [8] . Additionally, FEAL was significantly correlated with CEC (r ϭ 0.55, p Ͻ 0.01) for the study soils (Table 4) .
To determine if the combined effects of soil properties may modify soil Pb toxicity, a multiple linear-regression model was used to examine the relationship between each earthworm bioassay endpoint (normalized and then linearized) and the combined soil properties. The model included pH, OC, FEAL, and CEC as exogenous variables. The best-fit model for each relationship was with the SR transformation, and all are shown in Table 5 . A significant relationship was found between earthworm mortality and soil properties (r 2 ϭ 0.60, p Ͻ 0.01). The relationship between earthworm internal Pb concentration and soil properties also was significant (r 2 ϭ 0.60, p Ͻ 0.01). The relationship between relative reproduction and soil properties was highly significant (r 2 ϭ 0.89, p Ͻ 0.001) ( Table 5 ). Multiple-regression equations alone may not be useful for predicting metal bioavailability or for making remediation decisions. This is because they may not provide sufficient insight regarding the relative contribution of each independent variable (i.e., individual soil property) included in the models toward explaining the variation in biological endpoints. Strong intercorrelations between independent variables can result in apparent correlations with the endogenous variable that may not be well substantiated.
Partitioning correlations into direct and indirect effects using path analysis may provide additional information concerning the relative contribution of each soil property. Results of path analysis (Table 6) showed that the highly significant correlation (r ϭ Ϫ0.695, p Ͻ 0.01) between pH and mortality (Table 3) was caused entirely by the direct effect (Table 6 ) of pH on mortality (r ϭ Ϫ0.750, p Ͻ 0.01). Although the simple correlation (Table 3) between CEC and mortality (r ϭ Ϫ0.467, p Ͻ 0.05) was significant, path analysis showed that the direct effect of CEC on mortality was negligible (r ϭ 0.067) (Table  6 ). Therefore, the apparent correlation of CEC with mortality was caused by strong intercorrelations (Table 4) between CEC and pH (r ϭ 0.69, p Ͻ 0.01), FEAL (r ϭ 0.55, p Ͻ 0.01), and OC (r ϭ 0.70, p Ͻ 0.01) and not by an effect of CEC on mortality. Path analysis showed no significant contributions from either OC or FEAL (Table 6 ) to explaining variations in mortality.
Path analysis shows that the simple correlation (Table 3 ) between pH and internal Pb (r ϭ Ϫ0.506, p Ͻ 0.05) was caused entirely by the direct effect of pH on internal Pb (r ϭ Ϫ0.502, p Ͻ 0.05) ( Table 6 ). This finding is consistent with the results for mortality and is reasonable because pH affects the solu-bility of Pb, making it more or less available for uptake by an organism. Soil pH was the most important soil property for uptake and bioaccumulation in E. andrei exposed to 20 field contaminated soils [1] . Although highly significant, the simple correlation (Table 6 ) between CEC and internal Pb (r ϭ Ϫ0.668, p Ͻ 0.01) was caused primarily by the intercorrelations between CEC and the other exogenous variables. Path analysis (Table 6) showed that direct effect of CEC on internal Pb was not strong (r ϭ Ϫ0.177), so the apparent correlation of CEC with internal Pb was caused primarily by significant intercorrelations between CEC and pH (r ϭ 0.69, p Ͻ 0.01), FEAL (r ϭ 0.55, p Ͻ 0.01), and OC (r ϭ 0.70, p Ͻ 0.01) ( Table 4) and not by an effect of CEC. Path analysis showed no significant relationships between internal Pb and either OC or FEAL (Table 6) .
Soil pH has the potential to modify metal solubility and availability by controlling metal dissolution and precipitation. Soil pH regulates the ionization of pH-dependent ion-exchange sites on organic matter and metal oxide clay minerals affecting cationic metal availability. Soil pH is related inversely to Pb dissolved in soil solution. The present results clearly show the inverse relationship between soil pH and mortality and soil pH and internal Pb concentration (i.e., tissue Pb).
The simple correlation between pH and relative reproduction (r ϭ 0.631, p Ͻ 0.05) was significant. The total effect of pH on reproduction was partially caused by the direct effect of pH on reproduction (r ϭ 0.273), strongly supported by the indirect effect of pH via CEC (r ϭ 0.244). The remainder of the simple correlation was caused by intercorrelations among the exogenous variables. Soil CEC is related directly to pH because of the pH dependence of many cation-exchange sites.
The total correlation between OC and reproduction (r ϭ 0.759, p Ͻ 0.01) was highly significant. However, path analysis showed that the contribution of OC, because the direct effect of OC (r ϭ 0.176) and the indirect effect of OC via CEC (r ϭ 0.128), accounted for less than half the apparent total correlation. The remainder of the total correlation was caused by intercorrelations among exogenous variables (Table 4 ). The total correlation between FEAL and reproduction (r ϭ 0.661, p Ͻ 0.01) was significant, and path analysis (Table 6) indicated that the effect of FEAL on reproduction was caused primarily by the significant direct effect of FEAL (r ϭ 0.402, p Ͻ 0.05) on reproduction, a finding that is supported, to some extent, by the indirect contribution of FEAL via CEC (r ϭ 0.150). Many studies have suggested that Pb can form stable complexes with OC [7, [26] [27] [28] [29] and with metal oxide surfaces [7, [26] [27] [28] 30] . The total correlation between CEC and reproduction (r ϭ 0.874, p Ͻ 0.001) was highly significant. However, path analysis showed that only approximately half the total effect of CEC on reproduction was caused by the direct effect of CEC (r ϭ 0.414), with the remainder caused by intercorrelations among the exogenous variables (Table 6 ).
The most important soil property modifying reproduction was FEAL (Table 6 ). Amorphous iron and aluminum oxides are large sinks for Pb and other trace elements [31] . Because FEAL is rich in pH-dependent cation-exchange sites, several soil properties, including pH, FEAL, and CEC, have a causal effect on Pb adsorption [15] . Adsorption of Pb by FEAL decreases soil solution Pb. The effect of pH was weaker for reproduction compared to its contribution to mortality and internal Pb. However, pH is important, because reproduction is related to internal Pb concentrations, as shown in Figure 1 .
CONCLUSIONS
The ranges of responses observed in the present study were the result of differences in Pb bioavailability caused by Pb interactions with the physicochemical matrix of the soil. Soil properties mitigated contaminant bioavailability and toxicity to ecological receptors. Soil pH was related inversely to earthworm mortality and internal Pb. Results of path analysis indicated that pH was the most important soil property affecting mortality and internal Pb. Whereas simple correlation analysis (Table 3) suggested that CEC was correlated significantly with mortality and internal Pb, path analysis was useful in showing that the effect of CEC, either directly or indirectly, on mortality and internal Pb was negligible. Therefore, the apparent correlation of CEC with mortality and internal Pb was caused by significant intercorrelations among CEC and other exogenous variables. Cation exchange capacity, however, did contribute to explaining some of the variation in relative reproduction. The effect of pH and FEAL on reproduction was partially caused by the indirect effects of these variables via CEC. Increases in FEAL content also were related significantly to increased cocoon production, as demonstrated by the significant direct effect of FEAL. Path analysis is a useful statistical tool, because it provides insight regarding the relative contribution of each independent variable, either directly and indirectly, toward explaining variation in biological endpoints. Although path analysis cannot prove a causal relationship, it can refute one. Path analysis may be useful for ecological studies involving soils with a wide range of physiochemical properties and can assist in site ecological risk assessment and remediation decisions. Results from the present study clearly show that soil properties can greatly reduce contaminant bioavailability and risk. Soil properties should be considered when assessing the risk of Pb contaminated soils to ecological receptors. Soil properties are important factors modifying metal bioavailability and should be considered in the ecological risk assessment process so as not to overestimate contaminant risk.
